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Huntingtin is the protein mutated in Huntington’s
disease, a devastating neurodegenerative disorder.
We demonstrate here that huntingtin is essential to
control mitosis. Huntingtin is localized at spindle
poles during mitosis. RNAi-mediated silencing of
huntingtin in cells disrupts spindle orientation by
mislocalizing the p150Glued subunit of dynactin,
dynein, and the large nuclear mitotic apparatus
NuMA protein. This leads to increased apoptosis
following mitosis of adherent cells in vitro. In vivo
inactivation of huntingtin by RNAi or by ablation of
the Hdh gene affects spindle orientation and cell
fate of cortical progenitors of the ventricular zone
in mouse embryos. This function is conserved in
Drosophila, the specific disruption of Drosophila
huntingtin in neuroblast precursors leading to
spindle misorientation. Moreover, Drosophila hun-
tingtin restores spindle misorientation in mammalian
cells. These findings reveal an unexpected role for
huntingtin in dividing cells, with potential important
implications in health and disease.
INTRODUCTION
Mutation of huntingtin (htt) causes Huntington’s disease (HD),
a neurodegenerative disorder characterized by severe psychi-
atric, cognitive, and motor deficits and selective neuronal death
in the brain. The mechanisms leading to disease are not fully
understood, but increasing evidence suggest that in addition
to the gain of new toxic properties, loss of wild-type htt function
also contributes to pathogenesis (Borrell-Pages et al., 2006;
Cattaneo et al., 2005). Given the predominant neurological signs
and striking neuronal death in HD, most studies on htt function392 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.have focused on postmitotic neurons and have revealed major
roles for htt in transcription and axonal transport (Caviston
et al., 2007; Gauthier et al., 2004; Zuccato et al., 2001). Wild-
type htt interacts with microtubules, the dynein/dynactin
complex and kinesin to regulate the microtubule-dependent
transport of organelles in neurons (Caviston et al., 2007; Colin
et al., 2008; Gauthier et al., 2004;McGuire et al., 2006). However,
no studies have investigated the possible role of htt during
division. Indeed, htt is not restricted to differentiated neurons
but is found at high levels in dividing cells where it associates
to the centrosomal region and microtubules (Gauthier et al.,
2004; Gutekunst et al., 1995; Hoffner et al., 2002; Sathasivam
et al., 2001).
Spindle regulation is crucial to ensure the proper segregation
not only of chromosomes, but also of cell fate determinant fac-
tors. The orientation of themitotic spindle involves several steps,
including the proper assembly and positioning of the spindle.
These two steps are controlled by various molecular compo-
nents. Among them, the dynein/dynactin complex ensures the
correct spindle formation and, when anchored at the cell cortex,
also generates pulling forces that are essential for proper cell
division (Busson et al., 1998; Carminati and Stearns, 1997;
Farkasovsky and Kuntzel, 2001; Nguyen-Ngoc et al., 2007;
O’Connell and Wang, 2000; Skop and White, 1998). During
mitosis, dynein and dynactin localize along spindle microtubules
with an enrichment at spindle poles (Fant et al., 2004). This loca-
tion at the spindle pole is linked to the dynein’s ability to move
toward the minus ends of microtubules. The dynein/dynactin
complex is thought to focus microtubule minus ends at
the spindle poles. In agreement with this idea, disrupting the
dynein/dynactin complex by the use of specific antibodies alters
spindle assembly (Merdes et al., 2000). Similarly, expressing the
p50/dynamitin subunit of dynactin prevents the formation of
a functional dynactin complex and subsequently impairs mitotic
spindle morphology (Echeverri et al., 1996; Merdes et al., 2000).
Finally, dynactin is required for spindle assembly in Drosophila
neuroblasts (Siller et al., 2005). These data implicate dynein/
dynactin as a central player in spindle pole organization.
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Huntingtin in Mitosis and NeurogenesisHtt facilitates the dynein/dynactin-mediated transport of
organelles along microtubules in neuronal cells. We thus investi-
gated whether htt could also function during mitosis. We found
that htt localized to the spindle poles during mitosis, from
prophase to anaphase. The downregulation of htt led to a defect
in spindle orientation reminiscent of the phenotype obtained from
the silencing of p150Glued subunit of dynactin. We showed that
siRNA targeting htt mislocalized p150Glued, dynein, and the
large nuclear mitotic apparatus (NuMA) protein, an essential
player in mitotic assembly and maintenance (Radulescu and
Cleveland, 2010). Furthermore, htt was required for proper
spindle orientation and for cell fate determination of murine
neuronal progenitors in vivo. Finally, this role of httwasconserved
in Drosophila. Our study now establishes a link between htt,
proper spindle orientation, and neurogenesis in mammals.
RESULTS
Huntingtin Localizes to Spindle Poles during Mitosis
We analyzed the subcellular localization of htt in mouse neuronal
cells using various antibodies (Trettel et al., 2000) (Figure 1A). We
first used a polyclonal antibody, pAb SE3619. During interphase,
htt showed a punctuated distribution in the nucleus, reminiscent
of stainings previously described using other anti-htt antibodies
(Anne et al., 2007; Kegel et al., 2002) (Figure 1B). During mitosis,
htt was specifically located at the spindle poles, between
prophase to late anaphase. Htt staining was also observed at
the spindle midzone during anaphase (Figure 1B).
We then checked the specificity of the htt antibody by trans-
fecting cells with small interfering RNAs (siRNA) directed against
htt (si-htt1). This treatment led to a selective, and statistically
significant, reduction of signal intensity at the spindle pole
(Figures 1B–1D). We further confirmed the subcellular localiza-
tion of htt using several other anti-htt antibodies directed against
various epitopes of the htt protein (Lunkes et al., 2002) (Figures
1A, 1E, and S1). These antibodies showed htt to be concentrated
at the spindle poles particularly during metaphase, consistent
with our observations using the pAb SE3619 (Figures 1E and S1).
Huntingtin Modulates Mitotic Spindle Orientation
We next investigated the putative function of htt at spindle poles.
We transfected neuronal cells with scramble siRNA or si-htt1 tar-
geting the mouse htt sequence. We immunostained cells with an
antibody against g-tubulin to analyze in Z-series stacks the posi-
tion of the spindle poles with respect to the substratum plane
(Figures 2A and 2C). In control cells, the majority of the spindles
were properly oriented parallel to the substratum plane (75%,
n = 66) (Figure S2A). In contrast, in 53% of htt depleted cells
(n = 89) the spindle was not correctly aligned (more than nine
stacks of 0.2 mm between the two poles, DZ > 1.8 mm). Spindle
misorientation was then measured during metaphase by deter-
mining the angle between the pole-pole axis (axis of the meta-
phase spindle) and the substratum plane (Figure 2D). Whereas
control cells show an angle mostly smaller than 10 (7.9 ± 1.3,
n = 42), the average angle in si-htt1-transfected cells was signif-
icantly higher (20.4 ± 3.8, n = 48), indicating aberrant spindle
orientation relative to the substratum (Figure 2E, right graph).
Spindle misorientation was also supported by the fact that theproportion of cells showing a relative distribution of spindle
angles under 10 was markedly lower among si-htt1-transfected
cells (30%) than among control cells (70%). A significant propor-
tion (48%) of htt-depleted cells had spindle angles greater than
20 (Figure 2E). No correlation between spindle angles and cell
area in metaphase was observed (Figure S2B), indicating that
the changes in the spindle angle do not result from changes
in cell dimensions. To confirm these results, we reduced htt
levels using si-htt2 whose target sequence is located in the C
terminus (Figures 1A, 2B, and 2C). Similar results showing a
misoriented spindle when downregulating htt were obtained
(Figure 2F). Next we introduced an N-terminal 1301 amino acid
fragment of htt (Figures 2B, 2C, and 2F) (Anne et al., 2007).
The si-htt2 targeted the endogenous mouse htt and had no
effect on the expression of htt-1301 fragment (Figure 2B). This
N-terminal fragment restored the spindle orientation defect
observed with si-htt2 to the control situation (Figures 2C and
2F). Thus loss of htt leads to spindle misorientation and the htt-
1301 fragment recapitulates the function of htt during mitotic
spindle orientation.
Given that htt is also expressed in nonneuronal cells (Tao and
Tartakoff, 2001), we tested the possibility that the function of htt
in spindle orientation extended to other cell types. We analyzed
the role of htt in HeLa cells, which have been widely used to
study different aspects of mitosis (Figures S2C–S2F). Htt levels
were similar in HeLa and in neuronal cells (data not shown). Htt
was concentrated at the spindle poles during mitosis
(Figure S2C). Depletion of htt by RNA interference induced
a statistically significant increased percentage of HeLa cells
with misorientated spindles during mitosis (more than nine
stacks of 0.2 mm between the two poles, DZ > 1.8 mm) (Figures
S2D–S2F) as in neuronal cells (Figure 2; Figure S2A). These find-
ings suggest that htt ubiquitously regulates spindle orientation.
Huntingtin Is Required for the Recruitment of Dynein/
Dynactin andNuMA to the Spindle and for Its Positioning
What are the underlying mechanisms by which htt moni-
tors spindle orientation? We performed immunostainings for
a-tubulin to analyze the morphology of mitotic spindles and
astral microtubules. The general morphology of the spindle
and asters emerging from the poles were comparable in htt-
depleted and control mouse neuronal cells (Figure 3A). However,
si-htt1-treated cells exhibited smaller spindles (Figures 3A and
3B). The smaller spindles were correlated to the smaller size of
these cells (Figure 3C). As mitotic spindle and the formation of
asters are dynamic microtubule-based structures, we depoly-
merizedmicrotubuleswith nocodazole and followedmicrotubule
regrowth after washout of the drug in si-htt1 and scramble RNA-
treated neuronal cells. Microtubules regrowth was allowed for 4,
8, 12, and 18 min (t = 0 and t = 12 min are shown in Figure 3D).
The nucleation at these different time points was similar in both
conditions (Figure 3D and data not shown). Further, the speed
of microtubule plus-end binding protein 3 fused to GFP (EB3-
GFP) comets was similar in si-htt1 and scramble-treated cells
(si-htt1: 0.23 ± 0.11 mm/s, n = 18; scramble: 0.24 ± 0.14 mm/s,
n = 17; mean ± SEM). In conclusion, depletion of htt leads to
smaller mitotic spindle without affecting microtubule nucleation
and growth.Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc. 393
Figure 1. Huntingtin Localizes to Spindle Poles during Mitosis
(A) Schematic representation of htt.
(B) Immunostaining of mouse neuronal cells with anti-g-tubulin and anti-htt (SE3619, red) antibodies and DAPI counterstaining.
(C) Lysates from scramble and si-htt1 RNA-treated cells are analyzed by immunoblotting using anti-htt (4C8) and anti-a-tubulin antibodies.
(D) Quantification of anti-htt (SE3619) signal at the spindle poles. ***p < 0.001.
(E) Immunostaining of metaphase mouse neuronal cells using 812, 4C8, and 2B4 htt antibodies.
All scale bars, 5 mm. Error bars, SEM.
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Huntingtin in Mitosis and NeurogenesisThe p150Glued subunit of dynactin associates with cytoplasmic
dynein to regulate spindle orientation (Carminati and Stearns,
1997; Moore et al., 2008; Siller et al., 2005; Skop and White,
1998). Htt forms a complex with dynein/dynactin to stimulate
axonal transport in neurons (Gauthier et al., 2004). NuMA is
another essential component in mitotic spindle pole formation
(Merdes et al., 1996; Radulescu and Cleveland, 2010), which
was reported to interact with htt by yeast two-hybrid screening
(Kaltenbach et al., 2007). We first compared the phenotype
observed in htt-depleted cells to that induced by the silencing394 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.of p150Glued (Figure 2A). Spindle misorientation was observed
to similar extends after silencing either htt or p150Glued with an
increase in the average spindle angle and distribution (Figures
2C–2E). As with htt depletion, in p150Glued-depleted cells, no
correlation between spindle angles and cell area in metaphase
was observed, while the spindle length was reduced (Figures
3B, 3C, 4B, and S2B). We also investigated whether the deple-
tion of htt affects the distribution of p150Glued. Consistent with
previous studies, p150Glued was observed at the spindle poles
and at the spindle during mitosis (Figure 4A) (Busson et al.,
Figure 2. Loss of Huntingtin Causes Spindle Misorientation
(A) Immunoblotting of scramble, si-htt1, and si-p150GluedRNA-treatedmouse neuronal cell extracts using anti-htt (4C8), anti-p150Glued, anti-a-tubulin, and anti-b-
actin antibodies.
(B) Immunoblotting of extracts from scramble and si-htt2 RNA-treated mouse neuronal cells expressing htt 1301 N-terminal fragment (YFP-htt-1301) or empty
vector (YFP) using anti-htt (4C8), anti-a-tubulin, and anti-b-actin antibodies.
(C) Immunostaining of mouse neuronal cells treated as in (A) and (B) with g-tubulin and DAPI and Z-X projections (top) or Z-stacks (bottom). Scale bar, 10 mm.
(D) Scheme illustrating the measurement of the spindle angle a.
(E and F) Distribution and average of spindle angles of metaphase cells in mouse neuronal cells treated with scramble, si-htt1, or si- p150Glued RNAs (E) and (F)
with scramble, si-htt2, scramble + YFP-htt-1301, and si-htt2 + YFP-htt-1301.
All graphs ***p < 0.001. Error bars, SEM.
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Huntingtin in Mitosis and Neurogenesis1998). The depletion of htt resulted in partial mislocalization
of p150Glued from the spindle poles (Figures 4A and 4E).
Conversely, the silencing of p150Glued induced a significant
increase in the level of htt at spindle poles (Figures 4B and 4F),
demonstrating interplay between these two proteins. We nextevaluated the effect of depleting htt on dynein and NuMA local-
izations. Dynein and NuMA were enriched at the spindle poles in
metaphase cells with NuMA showing a typical crescent shape
pattern (Figures 4C and 4D). When htt was depleted, these
proteins were dispersed around the spindles poles.Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc. 395
Figure 3. Loss of Huntingtin Leads to Shortened Spindles
(A) Immunostainings of scramble or si-htt1 RNA-treated mouse neuronal cells with a-tubulin and DAPI counterstaining.
(B and C) Quantification of spindle length of metaphase cells. **p < 0.01 and ***p < 0.001.
(D) Effect of htt depletion on microtubule regrowth. Mouse neuronal cells transiently transfected with scramble or si-htt1 RNAs, treated with nocodazole for 1 hr
and incubated 30min on ice are labeled using anti-a-tubulin and anti-htt (SE3619) antibodies to visualize microtubules upon regrowth.White arrow shows centro-
somes and htt.
All scale bars, 5 mm. Error bars, SEM.
Neuron
Huntingtin in Mitosis and NeurogenesisFinally, we investigated the dynamic positioning of the spindle
by video-recording dividingHeLa cells stably expressing fluores-
cent core histone 2B (cherry) and a-tubulin (GFP) treated
with scramble or si-Huhtt RNAs (Steigemann et al., 2009)
(Figure 4I and Movie S1). The duration of mitosis was similar in
HeLa cells treated with si-Huhtt or scramble RNAs (si-Huhtt:
32.44 ± 1.73 min, n = 18; scramble: 33.17 ± 2.33 min, n = 8;
mean ± SEM). Once reaching anaphase, the angles between
the pole-pole axis and the substratumplanewere retrospectively
calculated each minutes and represented as a function of time
(Figure 4J). In HeLa cells treatedwith si-Huhtt, themitotic spindle
angle to the substratum plane was more variable during mitosis
compared with the control. Calculation of the amplitude of
spindle angle also revealed a difference between both condi-
tions (Figure 4K) with the spindle pole showing more oscillations
before finding its final position in htt-depleted cells. Taken
together, these observations suggest that htt controls spindle
orientation by ensuring the proper localization of several key
components of the spindle and, as a consequence, the posi-
tioning of the spindle.
Huntingtin Regulates the Orientation of the Plane of Cell
Division
To investigate the consequences of htt regulation of spindle
orientation in cultured adherent cells, we performed time-lapse
recordings of dividing mouse neuronal cells. As previously396 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.described for other cells (Toyoshima and Nishida, 2007), we
observed two types of cell division: cells that divide in and
cells that divide outside the plane of the substratum (Figure 5A).
Forty-eight hours posttransfection, cells were video-recorded
for 20 hr, and the time-lapse sequences were analyzed to deter-
mine the frequency of each type of cell division. Most of the
divisions occur in the plane of the substratum (Figure 5A).
However, consistent with the role of htt in the proper orientation
of the spindle, we observed a higher number of cells dividing
outside the substratum plane in si-htt1-transfected cells than
in scramble-transfected cells (Figure 5B).
In cell culture, impairment of cell division relative to the
substratum plane can promote cell death through detachment-
induced apoptosis. We found an increased rate of postmitotic
cell death when htt was silenced (Figure 5C). Mitotic index
showed no significant difference between cells treated with
si-htt1 and scramble RNAs (Figure 5D). We also analyzed the
distribution of cells across mitotic phases based on chromo-
some configurations. As previously described, disturbing dynac-
tin resulted in a prometaphase arrest (Figure 5E) (Echeverri et al.,
1996). However, si-htt1-treated cells were distributed across all
mitotic phases showing no difference with the control situation.
Consistent with this, the duration of the mitosis was the same
in si-htt1 and scramble conditions (Figure 4I). These data sug-
gest that htt controls the plane of division of mitotic cells without
affecting their progression through the cell cycle.
Figure 4. Loss of Huntingtin Perturbs
Molecular Motor Distribution at Spindle
Poles
(A and E) Immunostainings of metaphase mouse
neuronal cells treated with scramble or si-htt1
RNAs with anti-htt (SE3619), anti-p150Glued
antibodies, and DAPI counterstaining. Quantifica-
tion (E).
(B and F) Mouse neuronal cells are treated with
scramble or si-p150Glued RNAs and immuno-
stained with anti-g-tubulin and anti-htt (SE3619)
antibodies and counterstained with DAPI. Quanti-
fication (F).
(C and G) Mouse neuronal cells treated as in (A)
and immunostained with anti-dynein and anti-htt
(SE3619) antibodies and counterstained with
DAPI (C). Analyses of dynein intensities in htt-
depleted cells at increasing distance from the
pole (C, graph). Full-width at half maximum
(G, FWHM) is used as an estimator of the dynein
signal spread.
(D and H) Immunostaining of metaphase mouse
neuronal cells treated as in (A) with anti-htt
(SE3619), anti-NuMA, anti-g-tubulin antibodies
and DAPI counterstaining. Quantification (H).
(I–K) HeLa cells stably expressing GFP–tubulin
and H2B–mCherry are transfected with scramble
or si-Huhtt RNAs and video-recorded for 2 hr.
(I) Z-X projection of representative example of
dividing cells for both conditions (from prophase
to anaphase). Images are collected every minute.
Position of each spindle pole is indicated with
yellow and white stars. (J) Representation of
angles between the pole-pole axis and the
substratum plane as a function of time. (K) Ampli-
tude of spindle pole movement.
All graphs *p < 0.05, **p < 0.01; (A–D) Scale bars
5 mm, (I) 10 mm. Error bars, SEM.
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Huntingtin in Mitosis and NeurogenesisIn Vivo Silencing of Huntingtin Modifies Spindle
Orientation ofMouseCortical Progenitors andPromotes
Neurogenesis in the Neocortex
During cortical development, progenitor cells located in the
ventricular zone (VZ) undergo divisions to ultimately generate
post-mitotic neurons that migrate radially to form successiveNeuron 67, 392–406cell layers organized in an inside-out
manner (Gonczy, 2008; Knoblich, 2008;
Siller and Doe, 2009). To address whether
htt controls mitosis in vivo, we carried
out in utero electroporation-based trans-
fection of cortical progenitors from
E14.5 mouse embryos with GFP-ex-
pressing vectors and scramble or si-htt1
RNA. Two days after electroporation,
we analyzed mitotic cleavage planes in
GFP-expressing cortical progenitors, by
measuring the angle between a line
segregating the daughter chromosomes
and the surface of the VZ, also named
apical surface (Figures 6A–6C). This
method allows us to predict the cleavagefurrow position based on chromatin staining (Konno et al., 2008).
Angles of the mitotic cleavage plane were comprised between
72 and 90 in 68.8% of control GFP-labeled dividing cells.
In contrast, silencing htt with si-htt1 resulted in a smaller
percentage of dividing progenitors displaying mitotic angles
between 72 and 90 (65%) and a greater proportion of cells, August 12, 2010 ª2010 Elsevier Inc. 397
Figure 5. Huntingtin Regulates the Orientation of Division in Cultured Cells
(A) Video recording of mouse neuronal cells reveals two cell populations: cells dividing in (well-oriented) and out of the substratum plane (misoriented). Scale bar,
10 mm.
(B) Cells transfected with scramble or si-htt1 RNAs are video-recorded for 20 hr. Cells are classified as in (A).
(C and D) Cells are treated as in (B) and the dividing cells are assessed for death after mitosis (C) or for mitotic index (D).
(E) Distribution of mouse neuronal cell transfected with scramble, si-htt1 or si-p150Glued RNAs in each phase of cell cycle.
All graphs ns: not significant, *p < 0.05, **p < 0.01 and ***p < 0.001. Error bars, SEM.
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Huntingtin in Mitosis and Neurogenesiswith a mitotic angle below 54 (27.5% versus 6.3% in scramble
condition). We also classified the dividing progenitors into three
groups according to the orientation of the cleavage plane to
the apical surface: vertical (60–90), horizontal (0–30), and
intermediate (30–60) (Figure S3A). As expected (Farkas and
Huttner, 2008; Konno et al., 2008), the majority of GFP-labeled
dividing cells displayed vertical cleavage planes (Figure S3B).
In comparison, a smaller percentage of dividing progenitors
transfected with si-htt1 exhibited vertical cleavage planes. To
confirm the absence of any off target effects, we performed
the same experiment with si-htt2 (Figures 6B, 6C, and S3B).
si-htt2 resulted in a statistically significant smaller percentage
of dividing progenitors displaying angles of the mitotic cleavage
plane between 72 and 90 (51.8% versus 68.8% in scramble
condition) and a greater proportion of cells with angles below
54 (21.5% versus 6.3% in scramble condition). Furthermore,398 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.introducing the htt-1301 fragmentwith si-htt2 led to a distribution
of mitotic angles comparable to that of the control situation
(scramble RNA, Figures 6B, 6C, and S3B). These results demon-
strate that depletion of htt by RNA interference in neuronal
progenitors in vivo leads to spindle misorientation with an
increase in the proportion of progenitors with intermediate and
horizontal cleavage planes.
Apical progenitors, produce neurons and glia (Gonczy, 2008;
Knoblich, 2008; Siller and Doe, 2009). A second type of progen-
itors, the basal progenitors, is generated from apical progenitors,
divides away from the VZ and generates neurons. The cleavage
plane of dividing progenitors may regulate cell fate of daughter
cells (Gauthier-Fisher et al., 2009; Marzesco et al., 2009). Thus,
spindle misorientation that results from the silencing of htt
in apical progenitors could impair such process. We electropo-
rated apical progenitors from E14.5 mouse embryos with
Figure 6. In Vivo Silencing of Huntingtin Modifies Spindle Orienta-
tion and Cell Fate of Mouse Cortical Progenitors
(A and B) pCAGGS-NLS-GFP is cotransfected with scramble, si-htt1, si-htt2 +
empty vector (pCAGGS-LB-IRES-NLS-GFP), or si-htt2 + htt-1301 (pCAGGS-
htt-1301-IRES-NLS-GFP) in E14.5 embryos and brains are fixed at E16.5.
Coronal brain sections of E16.5 embryos are stained with antibodies for
GFP and nuclei are counterstained with DAPI. (A) Method of measurement
of mitotic spindle angle (a) in anaphase cortical progenitors. Orientation of
the sister chromatids and the ventricular zone (dashed white line, VZ) are
shown, respectively, by yellow and blue lines. Cleavage plane is determined
to be positioned such that the distance between the two chromatids is halved
(dashed red line). The smallest angle between the cleavage plane and the
Neuron
Huntingtin in Mitosis and NeurogenesisGFP-expressing vectors and a scramble or si-htt1 RNA. Intra-
peritoneal injections of BrdUwere performed 1 day later to follow
the fate of cycling progenitors. BrdU and GFP-labeled cells
were then analyzed at E16.5 by immunohistochemistry using
progenitor cells (Nestin, Pax6, Tbr2) and neuronal (Tuj1) markers
(Figures 6D–6I). Electroporation of si-htt1 decreased the pool of
cycling progenitors (BrdU+/GFP+/Nestin+ cells: 46.4% versus
66.8% in control), including apical (BrdU+/GFP+/Pax6+ cells:
35.7% versus 54.8% in control) and basal (BrdU+/GFP+/
Tbr2+ cells: 40.3% versus 59.4% in control) progenitors as
compared with the control condition (Figures 6D–6G). The
decrease in cycling progenitors was not associated with an
increased cell death as determined by a cleaved caspase 3
staining (Figure S3D). Instead, we observed a strong increase
in the proportion of newborn postmitotic neurons with 39.1%
of BrdU- and GFP-labeled cells also positive for Tuj1 in si-htt1-
electroporated cells, as compared with 19.9% in the scramble-
electroporated cells (Figures 6H and 6I). We also determined
the proportion of BrdU- and GFP-labeled cells in different layers
of the E16.5 cortical coronal sections (Figure S3E). There was
no difference between the scramble RNA and the si-htt1 situa-
tions suggesting that htt depletion does not interfere with
neuronal migration. In summary, loss of htt expression in cortical
progenitors favors their neuronal differentiation at the expense
of their proliferation and maintenance in the VZ.
Inactivation of theMouse Huntingtin Gene in Nestin Cell
Lineages Alters Cell Division and Cell Fate of Cortical
Progenitors
To unequivocally address the role of htt in the control of spindle
orientation of mouse progenitors, we inactivated the mouse Hdh
gene in Nestin cell lineages. Nestin-Cre/+ mice (Tronche et al.,
1999) were crossed with Hdh+/ mice (Zeitlin et al., 1995) and
double heterozygous Nestin-Cre/+; Hdh+/ males were then
crossed with Hdhflox/flox females (Dragatsis et al., 2000). We
then analyzed spindle orientation of dividing apical progenitors
in E14.5 wild-type and Nestin-Cre/+;Hdhflox/- mouse embryos
by measuring the cleavage plane orientation as before (Figures
7A–7C). In wild-type embryos, 65.1% of the progenitors divided
with angles of the mitotic cleavage plane ranging from 72 to 90
(Figure 7C). In contrast, the lack of htt expression in Nestin cellsapical surface is calculated. (B) Progenitors are stained for GFP and htt
(4C8). Representative examples of each condition are shown. Scale bars,
10 mm.
(C) Mitotic progenitors are distributed in five 18 intervals according to their
cleavage plane angle relative to the apical surface. Values are expressed as
a percentage of cortical progenitors within each interval. Mean angle (a) and
number of measures (n) are shown.
(D and H) pCAGGS-NLS-GFP is electroporated with scramble or si-htt1 RNAs
in cortical progenitors from E14.5 mouse embryos. An intraperitoneal injection
of BrdU is performed at E15.5 and brains are analyzed at E16.5. Coronal brain
sections are stained with antibodies for BrdU, GFP (green), Nestin (D) and Tuj1
(H). Scale bars, 20 for two large left panels in both (D) and (H) and 10 mm for
eight panels on right in both (D) and (H).
(E, F, G, and I) Quantification of the GFP-BrdU-Nestin (E), GFP-BrdU-Pax6 (F),
GFP-BrdU-Tbr2 (G), and GFP-BrdU-Tuj1 (I) -positive cells among the GFP-
BrdU-positive cells.
All graphs **p < 0.01 and ***p < 0.001. Error bars, SEM.
Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc. 399
Figure 7. Nestin Progenitors Lacking Hun-
tingtin Show Altered Cleavage Plane Orien-
tation and Cell Fate
(A) Method of spindle angle (a) measurement in
apical progenitor. Sections of E14.5 embryo are
stained for DNA using DAPI. Orientation of the
sister chromatids and the ventricular zone (dashed
white line, VZ) are shown, respectively, by yellow
and red lines. VZ border is shown by differential
interference contrast microscopy. Cleavage plane
is shown by dashed blue line. The smallest angle
between the cleavage plane and the apical
membrane is calculated. Scale bar, 5 mm.
(B) Coronal brain sections of wild-type (WT) and
Nestin-Cre/+;Hdhflox/- E14.5 embryos are stained
with DAPI. Representative examples are shown.
Scale bar, 5 mm.
(C) Dividing progenitors at E14.5 are distributed in
five 18 intervals according to their cleavage plane
angle relative to the apical surface. Values are
expressed as a percentage of cortical progenitors
within each interval. Mean angle (a) and number of
measures (n) are shown.
(D–I) An intraperitoneal injection of BrdU is per-
formed at E13.5 and wild-type (WT) and Nestin-
Cre/+;Hdhflox/- brains are analyzed at E14.5
(D, E, G, and H) or E18.5 (F, I, and J). Coronal brain
sections are stained with antibodies for BrdU,
pax6 (D), Tbr2 (E), or Tbr1 (F) and counterstained
with DAPI. Scale bars, 10 mm (D and E) or 20 mm
(F) (left) and 5 mm (D and E) or 10 mm (F) (enlarge-
ments, right).
(G–J) Quantifications of the BrdU-Pax6 (G), BrdU-
Tbr2 (H), BrdU-Tbr1 (I), and BrdU-NeuN (J) -posi-
tive cells among the BrdU-positive cells.
All graphs *p < 0.05, **p < 0.01. Error bars, SEM.
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while an increased proportion had angles below 54 (27.4%
versus 13.1% in wild-type progenitors). When classifying the
progenitors according to their cleavage planes (Figure S3A),
we observed less vertical cleavage plane in dividing progenitors
in Nestin-Cre/+;Hdhflox/- embryos compared with the wild-type
embryos (Figure S3C). Thus, knock-down of htt in Nestin
progenitors increases the proportion of progenitors with a
misalignment of the cleavage planes relative to the apical
surface. This recapitulates the phenotype observed after acute400 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.depletion of htt in cortical progenitors
using in utero electroporation (Figures
6A–6C and S3B).
To investigate the consequences of the
lack of htt on neuronal differentiation of
cortical progenitors, we performed intra-
peritoneal injections of BrdU at E13.5.
Wild-type and Nestin-Cre/+;Hdhflox/-
brains were then analyzed by immunohis-
tochemistry using antibodies against
BrdU and markers of progenitor cells
(Pax6 and Tbr2) at E14.5 (Figures 7D
and 7E) or markers of postmitotic neu-
rons (Tbr1 and NeuN) at E18.5 (Fig-ures 7F). The pool of cycling apical (BrdU+/Pax6+ cells: 45.3%
versus 60.9% in control) (Figures 7D and 7G) and basal progen-
itors (BrdU+/Tbr2+ cells: 22.8% versus 30.2% in control)
(Figures 7E and 7H) was decreased in Nestin-Cre/+;Hdhflox/-
brains as compared with the wild-type condition. Quantification
of the BrdU+/Tbr1+ and BrdU+/NeuN+ newborn neurons
revealed that depleting htt increased the proportion of differenti-
ated neurons as compared with the wild-type condition (BrdU+/
Tbr1+ cells: 38.3% versus 28.1% in control; BrdU+/NeuN+ cells:
57.8% versus 43.4% in control) (Figures 7F, 7I, and 7J). These
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Huntingtin in Mitosis and Neurogenesiseffects were not accompanied by an increased cell death or
migration defects (data not shown).
Collectively, our results demonstrate that htt ensures proper
spindle orientation and controls the fate of progenitors in the
developing mouse neocortex.
Drosophila melanogaster Huntingtin Regulates Spindle
Orientation in Larval Neuroblasts
To further establish the role of htt in spindle orientation, we
analyzed the function of htt in D. melanogaster neuroblasts, the
neuronal precursors of the central nervous system. Their mode
of division is a well-studied model for investigating the molecular
mechanisms involved in asymmetric cell division (Knoblich,
2008). Neuroblasts have apical/basal polarity and they align their
mitotic spindle with this axis giving rise to a larger apical cell,
which divides in a stem cell-like way, and to a smaller basal
cell (ganglion mother cell, GMC), which divides only once more
to ultimately generate differentiated neurons. This process
involves the differential sorting of several proteins to the apical
neuroblast (such as atypical protein kinase C, aPKC) and to
the basal daughter cells (such as Miranda) (Siller and Doe,
2009). Apical/basal spindle orientation is determined by centro-
some anchoring andmigration (Rebollo et al., 2007, 2009; Rusan
and Peifer, 2007). Proteins such as Mud are essential for spindle
orientation by binding to PINS and to microtubules therefore
linking cortical polarity proteins to the mitotic spindle (Bowman
et al., 2006; Izumi et al., 2006; Siller et al., 2006).
We used the expression of two independent D. melanogaster
htt (dHtt) dsRNA under the control of the inscuteable-Gal4
(insc) driver, which expresses Gal4 expression in neuroblasts
(hereafter referred to as dHttRNAi(1) or dHttRNAi(2)) (Figures
8A–8C). We analyzed the effects of reducing htt on neuroblast
spindle orientation by immunostaining for Miranda and Centro-
somin in third instar larval brains. In insc-Gal4 neuroblasts,
Miranda was distributed at the basal cortex forming a crescent
at metaphase, the spindle bisecting the Miranda crescent (Fig-
ure 8A). In dHttRNAi(1) and dHttRNAi(2) neuroblasts, Miranda
was still located at the basal cortical crescent at metaphase.
However, the mitotic spindle failed to bisect the Miranda cres-
cent in these cells. We quantified this defect by measuring the
angle between a line connecting the two centrosomes and
a line bisecting the Miranda crescent in metaphase neuroblasts
(Figures 8B and 8C). As observed in mud2 mutant neuroblasts
(Figures 8A and 8C), decreased levels of htt in neuroblasts led
to an increase in the percentage of neuroblasts that display
abnormally positioned spindles with angles higher than 15
(25%, n = 40; 16%, n = 44 for dHttRNAi(1) and dHttRNAi(2),
respectively, and 0%, n = 54 for insc-Gal4).
To ensure that the phenotype observed in dHttRNAi(1) and
dHttRNAi(2) neuroblasts is due to the specific loss of htt and
does not reflect off-target effects, we investigated spindle orien-
tation in neuroblasts of a recently generated Drosophila htt
knock-out model (Zhang et al., 2009) (Figures 8D and 8E).
In wild-type w1118 animals, the measured angle was in majority
less than 15 (89%, n = 56). However in the dhtt-komutant flies,
spindles showed more oblique orientations with only 57% of
spindles with measured angles of 15 or less (n = 40). Also,
the spindle length was decreased in dhtt-ko dividing neuroblastscompared withw1118 andmud2 neuroblasts (Figures 8F and 8G).
This agrees with our observations in mammalian neuronal cells
(Figures 3A and 3B).
Given the spindle orientation defect in metaphase neuroblasts
depleted for htt, we analyzed the positioning of Miranda during
telophase. We did not observe a missegregation of Miranda in
dhtt-ko flies (data not shown). We next investigated whether
depleting htt affected the number of neuroblasts. For this, we
immunostained larval brains with neuronal (Elav) and neuroblast
(Miranda) markers (Figure 8H). As expected, mud2 mutants
showed excess neuroblasts in the posterior half of the larval
brain hemisphere and an increased brain size (Bowman et al.,
2006; Peng et al., 2000), while the number of neuroblasts in
this region was similar in the dhtt-ko and control flies (Figures
8H and 8I). We propose that dhtt-ko neuroblasts divide asym-
metrically by repositioning the spindle during telophase. A similar
correcting phenomenon was previously described for other
mutants (Bowman et al., 2006; Peng et al., 2000).
We also tested whether Drosophila htt could rescue the
spindle orientation defect in mammalian htt-depleted cells. We
expressed a construct encoding the N-terminal 620 amino
acid fragment of the Drosophila htt protein in mouse cells
treated with scramble or si-htt1 RNA (Figure 8J). Expression of
Drosophila htt significantly rescued spindle misorientation
defects in htt-depleted mammalian cells but had no effect in
control cells (Figure 8K). Overall, our data demonstrate that htt
controls spindle orientation in Drosophila and that this function
is evolutionarily conserved.
DISCUSSION
Huntingtin as a Scaffold Protein for the Dynein/Dynactin
Complex in Dividing Cells
Previous studies have established a role for htt in the regulation
of molecular motors. Htt forms a complex with dynein and
dynactin in neurons (Caviston et al., 2007; Gauthier et al.,
2004; Goehler et al., 2004; Li et al., 1998). Htt is required for effi-
cient axonal transport, with decrease in htt levels leading to
a reduced microtubule-dependent transport of vesicles (Cavis-
ton et al., 2007; Gauthier et al., 2004). The role of htt in the control
of the dynein/dynactin complex could extend beyond a role in
axonal transport as suggested by the fact that proper organiza-
tion of the Golgi apparatus requires htt (Caviston et al., 2007;
Strehlow et al., 2007). We now show that impairing the function
of htt or dynactin results in similar phenotypes during mitosis.
While the dynein/dynactin complex is required for the assem-
bly of spindle, it is also essential at the cell cortex to exert pulling
forces on astral microtubules (Busson et al., 1998; Carminati and
Stearns, 1997; Farkasovsky and Kuntzel, 2001; Nguyen-Ngoc
et al., 2007; O’Connell and Wang, 2000; Skop and White,
1998). The exact mechanisms by which dynein/dynactin com-
plexes are delivered to the cell cortex are not completely
understood, but the location of dynein/dynactin at the astral
microtubules plus ends involves at least the Bik1p/CLIP-170
and Pac1p/NudF/Lis1 proteins (Coquelle et al., 2002; Faulkner
et al., 2000; Lee et al., 2003; Sheeman et al., 2003). Consistent
with previous studies showing a reduction in dynein/dynactin-
dependent transport in the absence of htt (Caviston et al.,Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc. 401
Figure 8. The Function of Huntingtin during
Mitosis Is Conserved in D. melanogaster
Neuroblasts
(A) insc-Gal4, dHttRNAi(1), dHttRNAi(2), andmud2
mutant neuroblasts of third instar larvae are
stained with Centrosomin (Cnn, arrowhead), the
mitotic marker phosphohistone H3 (PH3), and
Miranda. Scale bar, 5 mm.
(B) Schematic representation of spindle poles
(red) and Miranda crescent (green). The angle
(line arc) between the spindle pole (solid line) and
the middle of Miranda crescent (dashed line) is
measured for each metaphase.
(C) Quantification of spindle orientation relative to
Miranda crescent. Values are expressed as a per-
centage of neuroblasts within each angle intervals.
(D) w1118 and dhtt-ko neuroblasts of third instar
larvae are stained as described in (A). Scale bar,
5 mm.
(E) Quantification of spindle orientation in w1118
and dhtt-ko neuroblasts as in (C).
(F and G) w1118, dhtt-ko, and mud2 neuroblasts of
third instar larvae are stained with Centrosomin
(Cnn), the mitotic marker phosphohistone H3
(PH3), and a-tubulin. Scale bar, 5 mm. (G) Quantifi-
cations of spindle length in w1118, dhtt-ko, and
mud2 neuroblasts.
(H and I) w1118, dhtt-ko, and mud2 brains of third
instar larvae are stained with Elav and Miranda.
Scale bar, 50 mm. (I) Quantification of neuroblasts
(NB) number in the posterior brain hemisphere of
third instar larvae.
(J) Western blot analysis showing the expres-
sion of a GFP-tagged N-terminal fragment of
Drosophila htt (GFP-dHtt620) in mouse neuronal
cells treated with scramble or si-htt1 RNAs.
(K) Mouse neuronal cells are treated as in (J).
All graphs ns: not significant, *p < 0.05, **p < 0.01,
and ***p < 0.001. Error bars, SEM.
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that themicrotubule-dependent transport of the dynein/dynactin
complex to the spindle is also reduced in htt-depleted cells.
Therefore, it is tempting to speculate that htt could participate
to the distribution of this complex at the cell cortex.
One attractive hypothesis is that htt functions as a scaffold
molecule that orchestrates the assembly of the dynein/dynactin
complex for distinct cellular functions (Caviston et al., 2007;402 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.Gauthier et al., 2004). During cell division,
this could extend to a complex also con-
taining NuMA (the D. melanogaster Mud
and C. elegans LIN-5 homolog) (Radu-
lescu and Cleveland, 2010). Indeed,
NuMA was reported to interact with htt
by yeast two-hybrid screening (Kalten-
bach et al., 2007) and its localization
is modified in the absence of htt.
Inmammalian cells, NuMAby assembling
with dynein/dynactin is essential for
the organization of microtubules at the
spindle pole (Fant et al., 2004; Merdeset al., 1996). Furthermore, NuMA and the Goloco-containing
protein LGN form a complex that regulates the interaction of
astral microtubules with the cell cortex (Du and Macara, 2004).
Huntingtin, an Evolutionary Conserved Protein
that Regulates Spindle Orientation
The precise spindle orientation is crucial for neuroepithelial stem
cell proliferation (NESC). This mechanism is tightly regulated by
Neuron
Huntingtin in Mitosis and Neurogenesisproteins such as Lis1 (Yingling et al., 2008). In utero electro-
poration was performed at E14.5, and we observed the same
phenotype in spindle orientation in acute and genetic depletion
conditions. Thus, we can exclude that the phenotypes analyzed
in mouse primarily derived from a defect during NESC divisions.
However, htt could also participate to spindle orientation in
NESC and therefore regulate neuronal development.
Although we show in this study that the function of htt in
spindle orientation is conserved between flies and mammals,
the phenotypes of flies and mice deleted for htt are different as
Hdh/ mice die during early embryogenesis (Duyao et al.,
1995; Nasir et al., 1995; Zeitlin et al., 1995), whereas dhtt-ko flies
show no obvious developmental defects (Zhang et al., 2009). As
proposed by Zhang and colleagues (Zhang et al., 2009), this
discrepancy might be due to intrinsic differences between
mouse and fly embryogenesis as early lethality in mouse is likely
to result from the absence of htt in extraembryonic tissues
(Dragatsis et al., 1998). In agreement with this hypothesis is the
observation that mice deleted for htt in adult stages show neuro-
degeneration (Dragatsis et al., 2000) and, dhtt-ko adult flies show
a compromised mobility and reduced viability (Zhang et al.,
2009). Moreover, as in mouse models, absence of htt in fly
increases the vulnerability to the presence of mutant htt (Leavitt
et al., 2001; Zhang et al., 2009) suggesting that crucial functions
are conserved between fly and mouse htt.
Asymmetric cell division is a key cellular event generating cell
diversity. It is tightly regulated through proper spindle orienta-
tion and segregation of cue determinants. Most of our under-
standing of the mechanisms that control spindle orientation is
based on studies of D. melanogaster, C. elegans, and mice
(Gonczy, 2008; Knoblich, 2008; Siller and Doe, 2009). Many of
the proteins involved in spindle orientation and symmetric/
asymmetric divisions are conserved in these species, including
those that regulate cell polarity, cell fate, and spindle alignment.
For example, LIN-5 in worms, Mud in Drosophila, and NuMA in
mammals use similar mechanisms to regulate spindle assembly
(Bowman et al., 2006; Knoblich, 2008). We demonstrate here
that htt is a key regulator of spindle orientation in mammals
and in flies. Is the role of htt in the regulation of the dynein/
dynactin complex also conserved in C. elegans? A putative
C. elegans ortholog of htt was recently identified (Palidwor
et al., 2009). However, mammalian and worm htt sequences
show only a low degree of similarity and there are no functional
data available for worm htt demonstrating such a conserved
function.
Role of Huntingtin in Determining Cell Fate
A direct link between the regulation of spindle orientation during
neural progenitors division and the fate of the daughter cells is
still under debate. Several proteins involved in spindle orienta-
tion control the subsequent generation and distribution of
neurons in the brain. Lfc, a Rho-specific guanine nucleotide
exchange factor, and its negative regulator Tctex-1 control the
genesis of neurons from cortical precursor cells by regulating
mitotic spindle orientation (Gauthier-Fisher et al., 2009; Mar-
zesco et al., 2009). One study has also found that adenomatous
polyposis coli APC is essential for the maintenance of radial glial
polarity and the correct generation and migration of corticalneurons in mouse (Yokota et al., 2009). This could be linked to
its function in spindle pole orientation. Indeed, APC localizes
to kinetochores, spindles, and centrosomes and acts down-
stream of Akt in Drosophila to ensure correct chromosome
segregation and mitotic spindle orientation (Buttrick et al.,
2008). Studies on Nde1 have suggested a link between spindle
orientation and the proper construction of mouse brain (Feng
and Walsh, 2004). Nde1 is a lissencephaly gene 1 LIS1-interact-
ing protein. Ablation of Nde1 in mice causes a small cerebral
cortex resulting from mitotic defects and altered neuronal cell
fate. Finally, Gbg subunits of heterotrimeric G proteins and
AGS3, a nonreceptor activator of Gbg, regulate spindle orienta-
tion in cortical progenitor cells; impairing this signaling enhances
neuronal differentiation (Sanada and Tsai, 2005). In contrast,
ablating LGN results in randomized spindle orientation of mouse
cortical apical progenitors with little effect on neurogenesis
(Konno et al., 2008). As shown in the study by Konno et al.
and in our study, most of all cleavages of ventricular zone
progenitors are vertical. However, vertical cleavages can result
in either symmetric or asymmetric cell division. We show that
removing htt changes the nature of the division cleavages,
decreases the pool of cycling progenitors and increases neu-
ronal differentiation. A crucial determining factor of symmetric
versus asymmetric divisions is the distribution of the polarity
and adhesion membrane proteins of the apical complex (Konno
et al., 2008; Kosodo et al., 2004; Marthiens and ffrench-
Constant, 2009; Yingling et al., 2008). Further studies are
required to establish whether htt plays a role in such distribution
between daughter cells.
Htt is widely expressed in the early developing embryo where
it plays an essential role in several processes including cell
differentiation and neuronal survival. Inactivation of the mouse
gene results in developmental retardation and embryonic
lethality at E7.5 (Duyao et al., 1995; Nasir et al., 1995; Zeitlin
et al., 1995). Null homozygous embryos display abnormal
gastrulation associated with increased apoptosis. Additionally,
htt is essential for the early patterning of the embryo during
the formation of the anterior region of the primitive streak
(Woda et al., 2005). Finally, specific inactivation of htt in Wnt1
cell lineages leads to congenital hydrocephalus in mice further
establishing a role for htt in brain development (Dietrich et al.,
2009). Our data specifically show that htt is involved in neuro-
genesis. We observed similar phenotype when decreasing htt
levels by RNA interference in VZ progenitors by electroporation
at E14.5, or by genetic conditional removal of htt in these
progenitors at early steps of cerebral cortical neurogenesis.
The altered spindle orientation lowers the pools of both apical
and basal progenitors and promotes neuronal differentiation
of daughter cells. This may explain previous observations
showing that lowering the levels of htt in mouse results, in
addition to severe anatomical brain abnormalities, in ectopic
masses of differentiated neurons near the striatum (White
et al., 1997).
In conclusion, we demonstrate a function for htt protein in flies
and mammals. These results not only open new lines of investi-
gation for elucidating the pathogenic mechanisms in Hunting-
ton’s disease, but also identify htt as a crucial player in spindle
orientation and neurogenesis.Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc. 403
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Statistical Analyses
Statview 4.5 software (SAS Institute Inc., Cary, NC) was used for statistical
analysis. Data are expressed as mean ± SEM. Complete statistical analyses
may be found in Supplemental Information.
Cell Lines and Transfection
Mouse neuronal cells and HeLa cells stably expressing GFP–tubulin and H2B–
mCherry were cultured as previously described (Steigemann et al., 2009;
Trettel et al., 2000). See Supplemental Information for culture and transfection
details.
Videomicroscopy Experiments and Analyses
Videomicroscopy was performed 48 hr after electroporation. Images were
collected in phase contrast using a coolSnap HQ camera (Ropper Scientific)
every min during 20 hr (33C, 5% CO2). For determination of misorientation
percentage, films were visualized with Metamorph, and dividing cells were
classified into two groups: well-oriented or misoriented and numbered using
a special plug-in.
To quantify microtubule polymerization velocity, mouse neuronal cells were
grown on glass coverslips andmounted in a Ludin’s chamber. Themicroscope
and the chamber were kept at 33C. Images with a Z-step of 0.3 mm were
acquired with a X100 PlanApo N.A. 1.4 oil immersion objective coupled to
a piezo device (PI). Images were collected in stream mode using a Micromax
camera (Ropper Scientific) set at 2 3 2 binning with an exposure time of
150 ms (frequency of one stack/s). All stacks were treated by automatic batch
deconvolution using the PSF of the optical system. Projections, animations,
and analyses were generated using ImageJ software. Dynamics were charac-
terized by tracking positions of EB3 comets in cells as a function of time with
a special plug-in (F.P. Cordelie`res, IC, http://rsb.info.nih.gov/ij/plugins/track/
track.html).
To quantify mitosis duration and spindle oscillation duringmitosis, images of
HeLa stably expressing GFP-tubulin and H2B-mCherry were collected every
minute during 2 hr with xyzt acquisition mode using a Leica SP5 laser scanning
confocal microscope equipped with a 340 oil-immersion objective. Analysis
was done using ImageJ. Dividing cells were resliced at the z axis. To quantify
the duration from the beginning of the prophase until the beginning of
anaphase, the number of frames between chromatin condensation and chro-
mosome separation (1 frame = 1 min) were scored. To quantify spindle oscil-
lation, the angle formed between the substratum plane and the virtual line
passing through spindle poles was measured. Spindle oscillation analysis
was performed during the 15 min previous to anaphase.
Cell Cycle Analysis
Mouse neuronal cells were electroporated with scramble, si-htt1, and
si-p150Glued RNAs. After 48 hr, cells were fixed in cold methanol at 20C
for 5 min, washed in PBS, stained with anti-g-tubulin antibody and counter-
stained with DAPI. Cells were qualitatively assessed and binned into five cate-
gories: prophase, prometaphase, metaphase, anaphase, and telophase.
In Utero Electroporation
In utero electroporation was performed as described previously (Nguyen et al.,
2006) with minor modifications. See Supplemental Information for details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Experimental Procedures, complete
statistical analyses, four figures, and one movie and can be found online at
doi:10.1016/j.neuron.2010.06.027.
ACKNOWLEDGMENTS
We greatly acknowledge J. Briscoe, D. Devys, N. Fabien, D.W. Gerlich, L.S.B.
Goldstein, T.C. Kaufman, C.A. Martin, F. Maschat, F. Matsuzaki, N. Perrimon,
M. Piel, and S. Zhang, Bloomington Drosophila stock center, Drosophila404 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.Genomics Resource Center, Vienna Drosophila RNAi Center (VDRC) stock
center for reagents, flies and/or discussions; J.P. Dompierre for initial observa-
tions; F.P. Cordelie`res and the Institut Curie Imaging Facility for help in image
acquisition and treatment; members of the Saudou and Humbert’s laborato-
ries for helpful comments. This work was supported by grants from Agence
Nationale pour la Recherche (ANR-07-BLAN-3-207540, Y.B.; ANR-09-
BLAN-0080, S.H.; ANR-08-MNP-039, F.S.), Association pour la Recherche
sur le Cancer (ARC 4830, Y.B.; 3665, S.H.), Fondation pour la Recherche
Me´dicale (FRM) and Fondation BNP Paribas (F.S.), F.R.S.-F.N.R.S. (L.N. and
M.-L.V.), Fonds Le´on Fredericq (L.N. and M.-L.V.), Fondation Me´dicale Reine
Elisabeth (L.N.), CNRS, INSERM and ERC Starting Grants (CePoDro 209718,
Y.B.) and the Curie Institute (Y.B., S.H., F.S.). J.D.G. was supported by Region
Ile de France and ARC; K.C. by Ligue Nationale contre le Cancer and EMBO
(Long Term Fellowship); M.M.-C. by an Institut Curie Foreign Student Ph.D.
fellowship; D.Z. by FRM and Swiss National Science Foundation postdoctoral
fellowships; B.C.C. by HighQ foundation and ARC; G.K. is a CNRS
investigator; F.S. and S.H. are INSERM and INSERM/AP-HP investigators,
respectively.
Accepted: June 17, 2010
Published: August 11, 2010
REFERENCES
Anne, S.L., Saudou, F., and Humbert, S. (2007). Phosphorylation of huntingtin
by cyclin-dependent kinase 5 is induced by DNA damage and regulates wild-
type and mutant huntingtin toxicity in neurons. J. Neurosci. 27, 7318–7328.
Borrell-Pages, M., Zala, D., Humbert, S., and Saudou, F. (2006). Huntington’s
disease: from huntingtin function and dysfunction to therapeutic strategies.
Cell. Mol. Life Sci. 63, 2642–2660.
Bowman, S.K., Neumuller, R.A., Novatchkova, M., Du, Q., and Knoblich, J.A.
(2006). The Drosophila NuMA Homolog Mud regulates spindle orientation in
asymmetric cell division. Dev. Cell 10, 731–742.
Busson, S., Dujardin, D., Moreau, A., Dompierre, J., and De Mey, J.R. (1998).
Dynein and dynactin are localized to astral microtubules and at cortical sites in
mitotic epithelial cells. Curr. Biol. 8, 541–544.
Buttrick, G.J., Beaumont, L.M., Leitch, J., Yau, C., Hughes, J.R., and
Wakefield, J.G. (2008). Akt regulates centrosome migration and spindle orien-
tation in the early Drosophila melanogaster embryo. J. Cell Biol. 180, 537–548.
Carminati, J.L., and Stearns, T. (1997). Microtubules orient the mitotic spindle
in yeast through dynein-dependent interactions with the cell cortex. J. Cell
Biol. 138, 629–641.
Cattaneo, E., Zuccato, C., and Tartari, M. (2005). Normal huntingtin function:
an alternative approach to Huntington’s disease. Nat. Rev. Neurosci. 6,
919–930.
Caviston, J.P., Ross, J.L., Antony, S.M., Tokito, M., and Holzbaur, E.L. (2007).
Huntingtin facilitates dynein/dynactin-mediated vesicle transport. Proc. Natl.
Acad. Sci. USA 104, 10045–10050.
Colin, E., Zala, D., Liot, G., Rangone, H., Borrell-Pages, M., Li, X.J., Saudou, F.,
and Humbert, S. (2008). Huntingtin phosphorylation acts as amolecular switch
for anterograde/retrograde transport in neurons. EMBO J. 27, 2124–2134.
Coquelle, F.M., Caspi, M., Cordelieres, F.P., Dompierre, J.P., Dujardin, D.L.,
Koifman, C., Martin, P., Hoogenraad, C.C., Akhmanova, A., Galjart, N., et al.
(2002). LIS1, CLIP-170’s key to the dynein/dynactin pathway. Mol. Cell. Biol.
22, 3089–3102.
Dietrich, P., Shanmugasundaram, R., Shuyu, E., and Dragatsis, I. (2009).
Congenital hydrocephalus associated with abnormal subcommissural organ
inmice lacking huntingtin inWnt1 cell lineages. Hum.Mol. Genet. 18, 142–150.
Dragatsis, I., Efstratiadis, A., and Zeitlin, S. (1998). Mouse mutant embryos
lacking huntingtin are rescued from lethality by wild-type extraembryonic
tissues. Development 125, 1529–1539.
Dragatsis, I., Levine, M.S., and Zeitlin, S. (2000). Inactivation of hdh in the brain
and testis results in progressive neurodegeneration and sterility in mice. Nat.
Genet. 26, 300–306.
Neuron
Huntingtin in Mitosis and NeurogenesisDu, Q., and Macara, I.G. (2004). Mammalian Pins is a conformational switch
that links NuMA to heterotrimeric G proteins. Cell 119, 503–516.
Duyao, M.P., Auerbach, A.B., Ryan, A., Persichetti, F., Barnes, G.T., McNeil,
S.M., Ge, P., Vonsattel, J.P., Gusella, J.F., Joyner, A.L., et al. (1995). Inactiva-
tion of the mouse Huntington’s disease gene homolog Hdh. Science 269,
407–410.
Echeverri, C.J., Paschal, B.M., Vaughan, K.T., and Vallee, R.B. (1996). Molec-
ular characterization of the 50-kD subunit of dynactin reveals function for the
complex in chromosome alignment and spindle organization during mitosis.
J. Cell Biol. 132, 617–633.
Fant, X., Merdes, A., and Haren, L. (2004). Cell and molecular biology of
spindle poles and NuMA. Int. Rev. Cytol. 238, 1–57.
Farkas, L.M., and Huttner, W.B. (2008). The cell biology of neural stem and
progenitor cells and its significance for their proliferation versus differentiation
during mammalian brain development. Curr. Opin. Cell Biol. 20, 707–715.
Farkasovsky, M., and Kuntzel, H. (2001). Cortical Num1p interacts with the
dynein intermediate chain Pac11p and cytoplasmic microtubules in budding
yeast. J. Cell Biol. 152, 251–262.
Faulkner, N.E., Dujardin, D.L., Tai, C.Y., Vaughan, K.T., O’Connell, C.B., Wang,
Y., and Vallee, R.B. (2000). A role for the lissencephaly gene LIS1 inmitosis and
cytoplasmic dynein function. Nat. Cell Biol. 2, 784–791.
Feng, Y., and Walsh, C.A. (2004). Mitotic spindle regulation by Nde1 controls
cerebral cortical size. Neuron 44, 279–293.
Gauthier, L.R., Charrin, B.C., Borrell-Pages, M., Dompierre, J.P., Rangone, H.,
Cordelieres, F.P., De Mey, J., MacDonald, M.E., Lessmann, V., Humbert, S.,
et al. (2004). Huntingtin controls neurotrophic support and survival of neurons
by enhancing BDNF vesicular transport along microtubules. Cell 118,
127–138.
Gauthier-Fisher, A., Lin, D.C., Greeve, M., Kaplan, D.R., Rottapel, R., and
Miller, F.D. (2009). Lfc and Tctex-1 regulate the genesis of neurons from
cortical precursor cells. Nat. Neurosci. 12, 735–744.
Goehler, H., Lalowski, M., Stelzl, U., Waelter, S., Stroedicke, M., Worm, U.,
Droege, A., Lindenberg, K.S., Knoblich, M., Haenig, C., et al. (2004). A protein
interaction network links GIT1, an enhancer of huntingtin aggregation, to
Huntington’s disease. Mol. Cell 15, 853–865.
Gonczy, P. (2008). Mechanisms of asymmetric cell division: flies and worms
pave the way. Nat. Rev. Mol. Cell Biol. 9, 355–366.
Gutekunst, C.A., Levey, A.I., Heilman, C.J., Whaley, W.L., Yi, H., Nash, N.R.,
Rees, H.D., Madden, J.J., and Hersch, S.M. (1995). Identification and localiza-
tion of huntingtin in brain and human lymphoblastoid cell lines with anti-fusion
protein antibodies. Proc. Natl. Acad. Sci. USA 92, 8710–8714.
Hoffner, G., Kahlem, P., and Djian, P. (2002). Perinuclear localization of
huntingtin as a consequence of its binding to microtubules through an interac-
tion with beta-tubulin: relevance to Huntington’s disease. J. Cell Sci. 115,
941–948.
Izumi, Y., Ohta, N., Hisata, K., Raabe, T., and Matsuzaki, F. (2006). Drosophila
Pins-binding protein Mud regulates spindle-polarity coupling and centrosome
organization. Nat. Cell Biol. 8, 586–593.
Kaltenbach, L.S., Romero, E., Becklin, R.R., Chettier, R., Bell, R., Phansalkar,
A., Strand, A., Torcassi, C., Savage, J., Hurlburt, A., et al. (2007). Huntingtin
interacting proteins are genetic modifiers of neurodegeneration. PLoS Genet.
3, e82.
Kegel, K.B., Meloni, A.R., Yi, Y., Kim, Y.J., Doyle, E., Cuiffo, B.G., Sapp, E.,
Wang, Y., Qin, Z.H., Chen, J.D., et al. (2002). Huntingtin is present in the
nucleus, interacts with the transcriptional corepressor C-terminal binding
protein, and represses transcription. J. Biol. Chem. 277, 7466–7476.
Knoblich, J.A. (2008). Mechanisms of asymmetric stem cell division. Cell 132,
583–597.
Konno, D., Shioi, G., Shitamukai, A., Mori, A., Kiyonari, H., Miyata, T., and
Matsuzaki, F. (2008). Neuroepithelial progenitors undergo LGN-dependent
planar divisions tomaintain self-renewability during mammalian neurogenesis.
Nat. Cell Biol. 10, 93–101.Kosodo, Y., Roper, K., Haubensak, W., Marzesco, A.M., Corbeil, D., and
Huttner, W.B. (2004). Asymmetric distribution of the apical plasma membrane
during neurogenic divisions of mammalian neuroepithelial cells. EMBO J. 23,
2314–2324.
Leavitt, B.R., Guttman, J.A., Hodgson, J.G., Kimel, G.H., Singaraja, R., Vogl,
A.W., and Hayden, M.R. (2001). Wild-type huntingtin reduces the cellular
toxicity of mutant huntingtin in vivo. Am. J. Hum. Genet. 68, 313–324.
Lee, W.L., Oberle, J.R., and Cooper, J.A. (2003). The role of the lissencephaly
protein Pac1 during nuclear migration in budding yeast. J. Cell Biol. 160,
355–364.
Li, S.H., Gutekunst, C.A., Hersch, S.M., and Li, X.J. (1998). Interaction of
huntingtin-associated protein with dynactin P150Glued. J. Neurosci. 18,
1261–1269.
Lunkes, A., Lindenberg, K.S., Ben-Haiem, L., Weber, C., Devys, D., Landwehr-
meyer, G.B., Mandel, J.L., and Trottier, Y. (2002). Proteases acting on mutant
huntingtin generate cleaved products that differentially build up cytoplasmic
and nuclear inclusions. Mol. Cell 10, 259–269.
Marthiens, V., and ffrench-Constant, C. (2009). Adherens junction domains are
split by asymmetric division of embryonic neural stem cells. EMBO Rep. 10,
515–520.
Marzesco, A.M., Mora-Bermudez, F., and Huttner, W.B. (2009). Neurogenesis
in G minor. Nat. Neurosci. 12, 669–671.
McGuire, J.R., Rong, J., Li, S.H., and Li, X.J. (2006). Interaction of Huntingtin-
associated protein-1 with kinesin light chain: implications in intracellular
trafficking in neurons. J. Biol. Chem. 281, 3552–3559.
Merdes, A., Ramyar, K., Vechio, J.D., and Cleveland, D.W. (1996). A complex
of NuMA and cytoplasmic dynein is essential for mitotic spindle assembly. Cell
87, 447–458.
Merdes, A., Heald, R., Samejima, K., Earnshaw, W.C., and Cleveland, D.W.
(2000). Formation of spindle poles by dynein/dynactin-dependent transport
of NuMA. J. Cell Biol. 149, 851–862.
Moore, J.K., Li, J., and Cooper, J.A. (2008). Dynactin function in mitotic spindle
positioning. Traffic 9, 510–527.
Nasir, J., Floresco, S.B., O’Kusky, J.R., Diewert, V.M., Richman, J.M., Zeisler,
J., Borowski, A., Marth, J.D., Phillips, A.G., and Hayden, M.R. (1995). Targeted
disruption of the Huntington’s disease gene results in embryonic lethality and
behavioral and morphological changes in heterozygotes. Cell 81, 811–823.
Nguyen, L., Besson, A., Heng, J.I., Schuurmans, C., Teboul, L., Parras, C.,
Philpott, A., Roberts, J.M., and Guillemot, F. (2006). p27kip1 independently
promotes neuronal differentiation and migration in the cerebral cortex. Genes
Dev. 20, 1511–1524.
Nguyen-Ngoc, T., Afshar, K., and Gonczy, P. (2007). Coupling of cortical
dynein and G alpha proteins mediates spindle positioning in Caenorhabditis
elegans. Nat. Cell Biol. 9, 1294–1302.
O’Connell, C.B., and Wang, Y.L. (2000). Mammalian spindle orientation and
position respond to changes in cell shape in a dynein-dependent fashion.
Mol. Biol. Cell 11, 1765–1774.
Palidwor, G.A., Shcherbinin, S., Huska,M.R., Rasko, T., Stelzl, U., Arumughan,
A., Foulle, R., Porras, P., Sanchez-Pulido, L.,Wanker, E.E., et al. (2009). Detec-
tion of alpha-rod protein repeats using a neural network and application to
huntingtin. PLoS Comput. Biol. 5, e1000304.
Peng, C.Y., Manning, L., Albertson, R., and Doe, C.Q. (2000). The tumour-
suppressor genes lgl and dlg regulate basal protein targeting in Drosophila
neuroblasts. Nature 408, 596–600.
Radulescu, A.E., and Cleveland, D.W. (2010). NuMA after 30 years: the matrix
revisited. Trends Cell Biol. 20, 214–222.
Rebollo, E., Sampaio, P., Januschke, J., Llamazares, S., Varmark, H., and
Gonzalez, C. (2007). Functionally unequal centrosomes drive spindle orienta-
tion in asymmetrically dividing Drosophila neural stem cells. Dev. Cell 12,
467–474.
Rebollo, E., Roldan, M., and Gonzalez, C. (2009). Spindle alignment is
achieved without rotation after the first cell cycle in Drosophila embryonic
neuroblasts. Development 136, 3393–3397.Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc. 405
Neuron
Huntingtin in Mitosis and NeurogenesisRusan, N.M., and Peifer, M. (2007). A role for a novel centrosome cycle in
asymmetric cell division. J. Cell Biol. 177, 13–20.
Sanada, K., and Tsai, L.H. (2005). G protein betagamma subunits and AGS3
control spindle orientation and asymmetric cell fate of cerebral cortical
progenitors. Cell 122, 119–131.
Sathasivam, K., Woodman, B., Mahal, A., Bertaux, F., Wanker, E.E., Shima,
D.T., and Bates, G.P. (2001). Centrosome disorganization in fibroblast cultures
derived fromR6/2 Huntington’s disease (HD) transgenicmice andHD patients.
Hum. Mol. Genet. 10, 2425–2435.
Sheeman, B., Carvalho, P., Sagot, I., Geiser, J., Kho, D., Hoyt, M.A., and
Pellman, D. (2003). Determinants of S. cerevisiae dynein localization and
activation: implications for the mechanism of spindle positioning. Curr. Biol.
13, 364–372.
Siller, K.H., and Doe, C.Q. (2009). Spindle orientation during asymmetric cell
division. Nat. Cell Biol. 11, 365–374.
Siller, K.H., Serr, M., Steward, R., Hays, T.S., and Doe, C.Q. (2005). Live
imaging of Drosophila brain neuroblasts reveals a role for Lis1/dynactin
in spindle assembly and mitotic checkpoint control. Mol. Biol. Cell 16,
5127–5140.
Siller, K.H., Cabernard, C., and Doe, C.Q. (2006). The NuMA-related Mud
protein binds Pins and regulates spindle orientation in Drosophila neuroblasts.
Nat. Cell Biol. 8, 594–600.
Skop, A.R., and White, J.G. (1998). The dynactin complex is required for
cleavage plane specification in early Caenorhabditis elegans embryos. Curr.
Biol. 8, 1110–1116.
Steigemann, P., Wurzenberger, C., Schmitz, M.H., Held, M., Guizetti, J., Maar,
S., and Gerlich, D.W. (2009). Aurora B-mediated abscission checkpoint
protects against tetraploidization. Cell 136, 473–484.
Strehlow, A.N., Li, J.Z., and Myers, R.M. (2007). Wild-type huntingtin partici-
pates in protein trafficking between the Golgi and the extracellular space.
Hum. Mol. Genet. 16, 391–409.
Tao, T., and Tartakoff, A.M. (2001). Nuclear relocation of normal huntingtin.
Traffic 2, 385–394.
Toyoshima, F., and Nishida, E. (2007). Spindle orientation in animal cell
mitosis: roles of integrin in the control of spindle axis. J. Cell. Physiol. 213,
407–411.406 Neuron 67, 392–406, August 12, 2010 ª2010 Elsevier Inc.Trettel, F., Rigamonti, D., Hilditch-Maguire, P., Wheeler, V.C., Sharp, A.H.,
Persichetti, F., Cattaneo, E., and MacDonald, M.E. (2000). Dominant pheno-
types produced by the HD mutation in STHdh(Q111) striatal cells. Hum. Mol.
Genet. 9, 2799–2809.
Tronche, F., Kellendonk, C., Kretz, O., Gass, P., Anlag, K., Orban, P.C., Bock,
R., Klein, R., and Schutz, G. (1999). Disruption of the glucocorticoid receptor
gene in the nervous system results in reduced anxiety. Nat. Genet. 23, 99–103.
White, J.K., Auerbach, W., Duyao, M.P., Vonsattel, J.P., Gusella, J.F., Joyner,
A.L., and MacDonald, M.E. (1997). Huntingtin is required for neurogenesis and
is not impaired by the Huntington’s disease CAG expansion. Nat. Genet. 17,
404–410.
Woda, J.M., Calzonetti, T., Hilditch-Maguire, P., Duyao, M.P., Conlon, R.A.,
and MacDonald, M.E. (2005). Inactivation of the Huntington’s disease gene
(Hdh) impairs anterior streak formation and early patterning of the mouse
embryo. BMC Dev. Biol. 5, 17.
Yingling, J., Youn, Y.H., Darling, D., Toyo-Oka, K., Pramparo, T., Hirotsune, S.,
and Wynshaw-Boris, A. (2008). Neuroepithelial stem cell proliferation requires
LIS1 for precise spindle orientation and symmetric division. Cell 132, 474–486.
Yokota, Y., Kim, W.Y., Chen, Y., Wang, X., Stanco, A., Komuro, Y., Snider, W.,
and Anton, E.S. (2009). The adenomatous polyposis coli protein is an essential
regulator of radial glial polarity and construction of the cerebral cortex. Neuron
61, 42–56.
Zeitlin, S., Liu, J.P., Chapman, D.L., Papaioannou, V.E., and Efstratiadis, A.
(1995). Increased apoptosis and early embryonic lethality in mice nullizygous
for the Huntington’s disease gene homologue. Nat. Genet. 11, 155–163.
Zhang, S., Feany, M.B., Saraswati, S., Littleton, J.T., and Perrimon, N. (2009).
Inactivation of Drosophila Huntingtin affects long-term adult functioning and
the pathogenesis of a Huntington’s disease model. Dis Model Mech 2,
247–266.
Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B.R., Goffredo, D., Conti, L.,
MacDonald, M.E., Friedlander, R.M., Silani, V., Hayden, M.R., et al. (2001).
Loss of huntingtin-mediated BDNF gene transcription in Huntington’s disease.
Science 293, 493–498.
